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Abstract 
Atomically thin transition metal dichalcogenides (TMDCs) such as MoS2 and WSe2 are 
emerging as a new platform for exploring many-body effects. Coulomb interactions are 
markedly enhanced in these materials because of the reduced screening
1
 and the large 
Wigner-Seitz radii
2
. Although many-body excitonic effects in TMDCs have been 
extensively studied by optical means
3, 4, 5, 6, 7, 8, 9
, not until recently did probing their 
strongly correlated electronic effects become possible in transport. Here, in p-type few-
layer WSe2 we observe highly density-dependent quantum Hall states of Γ valley holes 
below 12 T, whose predominant sequences alternate between odd- and even-integers.  
By tilting the magnetic field to induce Landau level crossings, we show that the strong 
Coulomb interaction enhances the Zeeman-to-cyclotron energy ratio from 2.67 to 3.55 
as the density is reduced from 5.7 to 4.0×10
12
 cm
-2
, giving rise to the even-odd 
alternation. Unprecedentedly, this indicates a 4.8 times enhancement of the g-factor 
over its band theory value at a density as high as 4.0×10
12
 cm
-2
. Our findings 
unambiguously demonstrate that p-type few-layer WSe2 is a superior platform for 
exploring strongly correlated electronic phenomena, opening a new perspective for 
realizing the elusive Wigner crystallization at a moderate density.  
2 
 
Electronic states of semiconductors are most often described by the conventional band 
theory when electrons are only weakly interacting. The exchange and correlation energies 
that arise from the electronic Coulomb interaction can, however, dominate the kinetic energy 
in the dilute doping limit
1
. In atomically thin transition metal dichalcogenides (TMDCs), 
interaction effects can become considerably strong because of the reduced dielectric 
screening in two dimensions
10, 11
 and the large Wigner-Seitz radius in the materials
2
. Optical 
experiments in low-mobility TMDCs have already identified several significant interaction 
effects, such as giant bandgap renormalization
3
, large exciton-binding energies
4, 5
, tightly 
bound trions
7
, and negative electronic compressibility
6
. Recent progresses in fabricating high-
mobility TMDC devices have triggered intrinsic transport experiments
12, 13, 14, 15, 16, 17, 18
, with 
surprising observations of the giant spin susceptibility in the Γ valley of few-layer WSe2
16
 
and the density-dependent quantum Hall (QH) effects in the K valleys of monolayer WSe2
18
. 
Both transport anomalies most likely arise from the strong Coulomb interaction. 
The strength of Coulomb interaction effects of a two-dimensional electron gas (2DEG) is 
often determined by the ratio of the Coulomb energy to the kinetic energy, i.e., the Wigner-
Seitz radius 𝑟𝑠 = 1/(√𝜋𝑛𝑎𝐵
∗ ). Here 𝑛 is the carrier density, 𝑎𝐵
∗ = 4πℏ2𝜀𝜀0/(𝑚
∗𝑒2)  is the 
effective Bohr radius corrected by the dielectric constant 𝜀 and the effective mass 𝑚∗, ℏ is the 
Planck’s constant, 𝜀0 is the free space permittivity, and 𝑒 is the electron charge. Physically, 
𝑟𝑠~𝑚
∗/√𝑛 characterizes the average inter-electron spacing tunable by 𝑛; a larger 𝑟𝑠 indicates 
stronger interaction effects. For a 2DEG, 𝑟𝑠 ∼ 10 is considered as strongly interacting, and 
𝑟𝑠 ∼ 38  is the critical point for the transition from the conducting Fermi liquid to the 
insulating Wigner crystal
1, 19
. 
 
Naturally, the p-type few-layer TMDCs offer the best platform to date for exploring such 
strongly correlated physics for two important reasons. First, the effective mass of the Γ 
valley
16, 20
 is about twice larger than those of the K and Q valleys in TMDCs and a few to ten 
times larger than those of graphene, black phosphorus, and quantum-well 2DEGs. Second, 
the Γ valley has negligibly weak spin-orbit couplings (SOC)16 and no valley degeneracy, 
yielding the desired pure interaction effects at low density detectable at tilted magnetic fields. 
In our devices, 𝑟𝑠 is estimated to be 12.2 at the lowest density 2.5×10
12
 cm
-2
, given ε ≈ 4.15 
for h-BN
21, 22
 and 𝑚∗ ≈ 0.75𝑚0 for Γ-holes (see Supplementary Information). Such a 𝑟𝑠 is 
twice larger than that of monolayer WSe2 at a similar density
18, 22
. To achieve a comparable 𝑟𝑠 
in Si
23, 24
, GaAs
25, 26
, and AlAs
27, 28
, much lower densities ~10
10
 cm
-2
 were required, which is 
notoriously challenging. 
Taking the full advantages of the comparably large 𝑚∗ and the negligibly weak SOC of 
the Γ-valley hole carriers, here we probe the strong interaction effects in p-type few-layer 
TMDCs by measuring the Landau level (LL) crossing at tilted magnetic fields as a function 
of the carrier density. We observe that the predominant sequence of QH states below 12 T 
switches from odd integers to even integers and then back to odd integers, as the density is 
reduced from 5.7 to 2.5×10
12
 cm
-2
. Tilting the magnetic field to induce LL crossing, we find 
that 𝑔∗𝑚∗, a measure of spin susceptibility, increases from 5.34𝑚0 to 7.10𝑚0 as the density 
decreases from 5.7 to 4.0×10
12
 cm
-2
. Remarkably, the g-factor enhancement over its bare 
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value predicted by the band theory is as large as 𝑔∗/𝑔0 = 4.8 at the density of 4.0×10
12
 cm
-2
. 
Although at a still moderate density, such enhancement and its density sensitivity are more 
striking than in any other accessible 2DEG, clearly evidencing the strong interaction effects 
in atomically thin TMDCs. Our findings demonstrate a superior platform and open a new 
perspective for exploring strongly correlated physics in reduced dimensions. 
Our high-quality WSe2 devices are fabricated based on the dry transfer technique reported 
previously
29
. Technical details about the h-BN encapsulated structure and the selective 
etching technique for fabricating low-temperature Ohmic contacts to WSe2 can be found in 
Ref.
14, 15, 16, 30
. Pd is used as the contact electrodes for accessing the Γ valley of p-type few-
layer WSe2. The high-performance devices have a typical Hall mobility of ~ 4500 cm
2
/V s (at 
𝑛=5.7×1012 cm-2) and enable us to observe the QH states at cryogenic temperatures.  
Our typical magneto-transport data at different hole densities are shown in Fig. 1. The 
density is determined from the slope of the Hall resistance in the linear region. Shubnikov-de 
Haas (SdH) oscillations in longitudinal resistance ( 𝑅𝑥𝑥 ) and quantized plateaus in Hall 
resistance (𝑅𝑥𝑦) are clearly visible. At 𝑛 =2.5×10
12 
cm
-2 
in Fig. 1a, the quantized plateaus are 
observed predominantly at the odd-integer filling factors (FFs) such as ν = 7, 9, 11, … with 
the appearance of corresponding 𝑅𝑥𝑥 minima. Such an unconventional sequence, similar to 
the one reported previously
16
, is attributed to a special ratio of the Zeeman energy to the 
cyclotron energy, which will be elaborated below. At  𝑛 = 3.4×1012 cm-2 in Fig. 1b, 
surprisingly, the QH states are observed predominantly at the even-integer FFs instead, such 
as ν = 10, 12, 14, ….  
To better reveal the detailed density dependence, Figure 1c displays 𝑅𝑥𝑥  plotted as a 
function of FFs at five different densities from 5.7 to 2.5 ×10
12
 cm
-2
. The FFs are calculated 
by 𝜈 = 𝑛ℎ/𝑒𝐵 , where 𝐵  is the magnetic field. At 𝑛  =5.7×1012 cm-2, the 𝑅𝑥𝑥  minima 
predominantly appear at odd-integer FFs such as ν = 23, 25, 27, 29, …. In sharp contrast, 
from 𝑛 =4.8 to 3.4×1012 cm-2, the most pronounced 𝑅𝑥𝑥 minima all occur at even-integer FFs. 
Although weaker 𝑅𝑥𝑥   minima can be observed at odd-integer FFs at relatively higher 𝐵 
because of the Zeeman effect, the even-integer QH states predominate in these regions. As 
the density further decreases to 2.5×10
12
 cm
-2
, the main 𝑅𝑥𝑥  minima switch back to odd-
integer FFs such as ν = 9, 11, 13, 15, … . Not only are these 𝑅𝑥𝑥 minima in Fig. 1c consistent 
with the quantized 𝑅𝑥𝑦 plateaus in Figs. 1a and 1b, but also these results showcase the strong 
density dependence of the Γ-valley QH states. (A similar phenomenon has recently been 
reported for K-valley holes in monolayer WSe2
18
, with a much lighter 𝑚∗.)  
For such single-valley spin-degenerate Γ-holes, the sequence of QH states is completely 
determined by the competitions between the cyclotron energy 𝐸𝑐 and the Zeeman energy 𝐸𝑧 
that is dressed by interactions. As illustrated in Fig. 3c, when 2𝑗 + 0.5 < 𝐸𝑧/𝐸𝑐 < 2𝑗 + 1.5, 
with 𝑗  a non-negative integer, the odd-integer states predominate; on the contrary, when 
2𝑗 − 0.5 < 𝐸𝑧/𝐸𝑐 < 2𝑗 + 0.5 , the even-integer states predominate. (The situation is the 
opposite for the monolayer case, due to the presence of one anomalous LL at the band edge 
of one of the two K valleys
31
.) Therefore, 𝐸𝑧/𝐸𝑐 needs to be determined at each density in 
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order to understand the alternating sequences. Conventionally, the measurement of coincident 
angles at tilted magnetic fields has been an accurate method to determine 𝐸𝑧/𝐸𝑐 in a 2DEG
32
. 
Thanks to the weak SOC and the large m* in the Γ valley16, this technique is perfectly 
executable in p-type few-layer WSe2. (In monolayer WSe2, the out-of-plane quantization and 
the substantial splitting of spin, however, prevent the determination of 𝐸𝑧/𝐸𝑐  through this 
technique
18
.) At a tilt angle 𝜃, the cyclotron energy 𝐸𝑐 = ℏ𝑒𝐵⊥/𝑚
∗ is directly proportional to 
the perpendicular component of the magnetic field 𝐵⊥. By contrast, the Zeeman splitting 
𝐸𝑧 = 𝑔
∗𝜇𝐵𝐵𝑡 scales linearly with the total magnetic field 𝐵𝑡, where 𝑔
∗ is the effective Landé 
g-factor, and 𝜇𝐵  is the Bohr magneton. As 𝜃  increases, two LLs with opposite spins and 
orbital indices differing by i cross at the so-called coincident angles that fulfil 𝐸𝑧/𝐸𝑐 =
𝑔∗𝑚∗/2𝑚0𝑐𝑜𝑠𝜃 = 𝑖 with 𝑖 a positive integer, as sketched in Fig. 3c. 
We measure the SdH oscillations in our samples at various different 𝜃 at 1.7 K. The value 
of 𝜃 is calibrated by the simultaneous Hall measurements in the linear region, since the total 
carrier density does not change with 𝜃. Fig. 2 shows the variation of 𝑅𝑥𝑥 vs 𝐵⊥ at various 
different 𝜃 for two representative densities, 𝑛1 = 5.7×10
12
 cm
-2
 and 𝑛2 = 4.0×10
12
 cm
-2
. The 
SdH oscillations of both cases have significant angle dependence. For the case of 𝑛1 in Fig. 
2a, as 𝜃 increases from 0∘ to 28.9∘, the even-integer QH states at ν = 22, 24, 26, … become 
weaker and weaker and eventually vanish, whereas the odd-integer QH states are almost 
unchanged. Precisely, at the coincident angle of 𝜃 = 28.9∘, pronounced 𝑅𝑥𝑥 minima (maxima) 
appear at the odd- (even-) integer FFs. As 𝜃 further increases to the next coincident angle at 
𝜃 = 48.2∘, a phase reversal33 in SdH oscillations is observed, i.e., the 𝑅𝑥𝑥 minima (maxima) 
gradually become maxima (minima). Likewise, we can obtain one more coincident angle at 
𝜃 = 57.4∘ for 𝑛1 and three coincident angles at 24.3
∘, 44.1∘and 54.5∘for 𝑛2, as shown in Fig. 
2b. Two prominent features can be disclosed by comparing the evolutions of SdH oscillations 
at the two densities. First, their coincident angles are completely different. Second, their 
switching of even-odd integer FFs at those coincident angles are completely opposite. For 
example, at their first coincidence angles, at 𝑛1 (𝑛2) the 𝑅𝑥𝑥 minima occur at odd- (even-) 
integer FFs. Both features imply the different values of 𝐸𝑧/𝐸𝑐 at the two densities. 
Based on the coincidence angles, we can accurately extract the spin susceptibility ∝ 𝑔∗𝑚∗ 
by fitting to the coincidence condition, 𝑖𝑐𝑜𝑠𝜃 = 𝑔∗𝑚∗/2𝑚0. The results are shown in Fig. 3a: 
𝑔∗𝑚∗ = 5.34𝑚0  at 𝑛1  = 5.7×10
12
 cm
-2
 whereas 𝑔∗𝑚∗ = 7.10𝑚0  at 𝑛2  = 4.0×10
12
 cm
-2
. 
Moreover, we can alternatively extract 𝑔∗𝑚∗ from the angle-dependent amplitudes of SdH 
oscillations. As evidenced in Fig. 2, the maximum oscillation amplitudes occur right at the 
coincidence angles. In fact, the amplitudes can be described by
34, 35
 𝑅(𝜃) ∝ cos (
𝜋𝑔∗𝑚∗
2𝑚0cos𝜃
). The 
fittings to this formula in Fig. 3b yield 𝑔∗𝑚∗ = 5.42𝑚0  at 𝑛1  and 𝑔
∗𝑚∗ = 7.08𝑚0  at 𝑛2 , 
which are in good harmony with those obtained from the coincident condition. Markedly, a 
tiny reduction of the density n (or increase of 𝑟𝑠 ) can substantially enhance the spin 
susceptibility, clearly evidencing the strong Coulomb interaction in our system.   
With the extracted values of 𝑔∗𝑚∗, we further obtain that at 𝜃 = 0∘ the values of 𝐸𝑧/𝐸𝑐 
are 2.67 at 𝑛1 and 3.55 at 𝑛2, respectively. According to the aforementioned analysis, at 𝑛1 
odd-integer QH states should predominate since 2.5 < 𝐸𝑧/𝐸𝑐 < 3.5, whereas at 𝑛2  even-
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integer QH states should predominate since 3.5 < 𝐸𝑧/𝐸𝑐 < 4.5. Evidently, the experimental 
data shown in Fig. 1c completely agree with such physical predictions based on our tilted 
field measurements. Fig. 3c schematically illustrates the evolution of LLs as a function of 𝜃 
under a constant 𝐵⊥, and the locations of 𝜃 = 0
∘  for 𝑛1 and 𝑛2 are also marked. Accordingly, 
the first observed coincident angle occurs at 𝑖 = 3 for 𝑛1 and 𝑖 = 4 for 𝑛2; as illustrated in 
Figs. 4c-4d, the n-th LL of spin up is degenerate with the (n+3)-th LL of spin down at 𝑛1 but 
with the (n+4)-th LL of spin down at 𝑛2. Moreover, the QH states follow the sequence of 
ν = 1, 2, 3, 5, 7, 9, …  at 𝑖 = 3  but ν = 1, 2, 3, 4, 6, 8, …  at 𝑖 = 4 . Our 𝑅𝑥𝑦  data at each case 
indeed exhibit consistent QH plateaus, as shown in Figs. 4a-4b. 
We note that 𝑔∗𝑚∗ can also be determined by a measurement in which the B field is in-
plane and induces a pure Zeeman splitting between the two spin sub-bands. When the field is 
above the critical value
25, 26
 𝐵𝑝 = 2𝜋ℏ
2𝑛/𝜇𝐵𝑔
∗𝑚∗ , the system is fully spin polarized 
producing a resistance kink. However, 𝐵𝑝 is too large to achieve in our present experiment, 
e.g., 𝐵𝑝 = 46.7 T at 𝑛2=4.0×10
12
 cm
-2
 by using 𝑔∗𝑚∗ = 7.10𝑚0. 
In a 2DEG, Coulomb interaction may enhance both 𝑚∗ and 𝑔∗ at low density24, 25, 28. To 
identify the key factor of the enhancement of spin susceptibility ∝ 𝑔∗𝑚∗, we measure the 
temperature-dependent SdH oscillations at various different densities to extract 𝑚∗ (see 
Supplementary Information). In our samples, we do not observe any significant deviation of 
𝑚∗  from 0.75𝑚0  by decreasing the density from 6.6 to 2.8×10
12
 cm
-2
. Therefore, we 
conclude that the interaction-driven enhancement of 𝑔∗𝑚∗ is from the exchange-induced g-
factor enhancement. In the non-interacting limit, the g factor at Γ valley should be 𝑔0 = 2.0 
16
 by applying the negligibly weak SOC to the Roth’s formula36. In the present interacting 
case, by using the measured value 𝑚∗ = 0.75𝑚0, we obtain 𝑔
∗ = 7.1 and 9.5 at 𝑛1=5.7×10
12
 
cm
-2
 and 𝑛2=4.0×10
12
 cm
-2
, respectively. Remarkably, the observed g-factor enhancement 
over its bare value predicted by the band theory is as large as 𝑔∗/𝑔0 = 4.8 at 𝑛2. Although at 
a still moderate density, such enhancement and its density dependence are more pronounced 
than what have been reported for other two-dimensional layered materials including 𝑔∗/𝑔0 <
1.5 in black phosphorus37, 38, 39 and 𝑔∗/𝑔0 ≈ 2 in monolayer WSe2
40
. In conventional 2DEGs, 
extremely low densities much be approached in order to observe similar (but in fact still less) 
enhancement, for example, 3 times enhancement of g-factor in GaAs
25
 at 0.8×10
10
 cm
-2
, 4.7 
times enhancement of 𝑔∗𝑚∗  in Si inversion layers24 at 1.0×1011 cm-2 , and 4.3 times 
enhancement of 𝑔∗𝑚∗ in AlAs quantum well41 at 2.0×1011 cm-2.  
In summary, we observe that the predominant QH states of Γ valley holes in p-type few-
layer WSe2 switch from odd- to even- and then back to odd-integers with reducing the 
density. By tilting the magnetic field to induce LL crossings, we show that it is the strong 
Coulomb interaction that enhances 𝑔∗𝑚∗, a measure of spin susceptibility or 𝐸𝑧/𝐸𝑐 , from 
5.34𝑚0 to 7.10𝑚0 as the density decreases from 5.7 to 4.0×10
12
 cm
-2
, thereby giving rise to 
the even-odd alternation. Unprecedentedly, this amounts to a 4.8 times enhancement of the g-
factor over its bare value predicted by the band theory at the moderate density 4.0×10
12
 cm
-2
. 
Our findings demonstrate that p-type few-layer WSe2 is a superior platform for exploring 
strongly correlated physics of 2DEGs. For instance, it is promising to observe the Wigner 
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crystallization, long thought to be elusive, at a still moderate density ~3×10
11
 cm
-2
. This 
critical density can be further raised if we choose a proper thickness of WSe2, as 𝑚∗ of Γ 
valley holes ranges from 0.5𝑚0  in the bulk to 2.8𝑚0  in the monolayer
16, 20
 (see 
Supplementary Information). 
Methods 
WSe2 crystals were grown by chemical vapour transport. Few-layer WSe2 flakes were 
mechanically exfoliated on SiO2/Si substrates by the scotch tape method.  The top h-BN was 
exfoliated on a PMMA membrane and used for picking up WSe2 flakes. The h-BN/WSe2 
structure was then transferred onto a bottom h-BN, previously exfoliated and selected on a 
300 nm SiO2/Si substrate. The size of the WSe2 flake was selected such that the flake can be 
fully encapsulated by the top and bottom h-BN. The encapsulated structures allow us to 
safely anneal the samples at up to 400 °C in Ar atmosphere to remove small bubbles. To 
fabricate the metal electrodes, the selective etching process was employed. Standard Hall bar 
device structure was patterned on a PMMA first, which was also used as the hard mask in the 
etching process. To expose the contact area of WSe2, reactive ion etching was used for 
etching the top h-BN. It is possible to control the etching process with 40 sccm O2 as the 
recipe, because the etching rate of WSe2 is much lower than that of h-BN. Finally, Pd/Au 
(20/80 nm) was used as the p-type contact via a standard e-beam evaporation. 
The transport measurements were conducted using the standard lock-in technique at 1.7 K. 
In order to study the quantum transport at tilted magnetic fields, we employed a home-built 
probe with a sample stage that can be in situ rotated via a mechanical knob. The tilt angles 
were internally calibrated by the Hall measurements in order to guarantee the accuracy. 
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Figures: 
 
Figure 1: Quantum oscillations at various different carrier densities. Rxx and Rxy plotted 
as functions of B at (a) 𝑛 = 2.5 × 1012 cm-2 and (b) 𝑛 = 3.4 × 1012 cm-2. QH plateaus in Rxy 
are marked by dashed lines. The inset in (a) is an optical image of the h-BN encapsulated 
WSe2 structure. (c) Rxx plotted as functions of 𝜈 at various different 𝑛. The FFs are calculated 
by 𝜈 = 𝑛ℎ/𝑒𝐵. The main minima are marked by solid dots. The predominant QH states at 
odd- and even-integer FFs are distinguished by blue and black dots, respectively.  All data 
were recorded at T=1.7 K. 
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Figure 2: Density-dependent Landau level crossings at tilted magnetic fields. Rxx plotted 
as functions of 𝐵⊥ at various different tilt angles for two representative densities: (a) 𝑛1 =
5.7 × 1012  cm-2, (b) 𝑛2 = 4.0 × 10
12  cm
-2
. The Rxx curves at the coincident angles are 
labelled and marked in red. The data at different tilt angles are vertically offset for clarity. 
The tilt angle is defined in the inset of (a). 
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Figure 3: Determination of the density-dependent spin susceptibility. (a) The values of 
1/𝑐𝑜𝑠𝜃 at coincident angles plotted as functions of the coincidence index 𝑖 for 𝑛1 and 𝑛2 . 
The slopes from the linear fitting yield the values of 𝑔∗𝑚∗. (b) SdH amplitudes plotted as 
functions of 1/𝑐𝑜𝑠𝜃  for 𝑛1  (recorded at 𝜈 = 29 ) and 𝑛2  (recorded at 𝜈 = 19 ). The data 
fitting to cosine functions yield the values of 𝑔∗𝑚∗. (c) A schematic diagram depicts the LL 
evolution with the tilt angle 𝜃 or the carrier density 𝑛. Under a fixed 𝐵⊥, 𝐸𝑐 does not change 
while 𝐸𝑧 scales linearly with 𝐵tot; 𝐸𝑧/𝐸𝑐 can be enhanced by increasing 𝜃 or by decreasing 𝑛. 
The yellow strip marks the density region probed in our experiment, with the bold dashed 
lines denoting the locations of 𝜃 = 0° for 𝑛1 and 𝑛2. 
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Figure 4: Quantum Hall states at the first coincident angles. Rxx and Rxy plotted as 
functions of 𝐵⊥ at the first coincident angles for (a) 𝑛1 = 5.7 × 10
12 cm
-2
 (𝜃 = 28.9°) and 
(b) 𝑛2 = 4.0 × 10
12 cm
-2
 (𝜃 = 24.3°). The QH plateaus in Rxy show odd- and even-integer 
sequences in (a) and (b), respectively. (c) and (d) are schematics of LLs at zero tilt angles for 
𝑛1 and 𝑛2, respectively. The green and red lines distinguish the spin-down and spin-up states.  
 
